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Aspect ratioAbstract Wrapping of concrete column using Fiber Reinforced Polymer (FRP) sheets can signif-
icantly improve their structural behavior. The aspect ratio of the cross section plays an important
role on the efficiency of the applied strengthening technique. This research aimed, experimentally
and analytically, to study the effect of aspect ratio on the obtained gain in strength and structural
ductility. Also, the effect of both type and configuration of FRP wrapping is discussed. The
obtained experimental results showed that the value of the aspect ratio has a significant effect on
the gain in strength but it has no obvious influence on the obtained ductility. Moreover, based
on the experimental results of 16 specimens concerning the load carrying capacity of FRP-
confined specimens, a study to address the applicability of the analytical models (Egyptian code
EC, American Concrete Institute ‘ACI’ code) proposed to predict the nominal compressive strength
of rectangular columns confined with FRP sheets is presented in this research. Furthermore, this
research introduces a modified model to deal with the FRP partial wrapping system. However both
the examined models (ACI and EC) haven’t introduced any analytical models to predict the
strength of RC columns confined partially with FRP wrapping sheets. The model proposed by
ACI code showed an underestimation in predicting the nominal compressive strength, however that
proposed by EC showed somewhat an acceptable estimation but inaccurate. Also, the modified
expression suggested by the author dealing with columns confined with partially wrapped FRP
sheets is examined in this research.
 2016 Housing and Building National Research Center Published by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Confining of concrete elements using wrapping FRP sheets is
considered as a very efficient technique to enhance both load
carrying capacity and structural ductility of RC columns sub-
jected to axial compression load [1–6]. Also, the efficiency of
the wrapped FRP sheets in terms of structural performance-section
2 O.A. Farghaland ease of application has been demonstrated. Hence,
strengthening of concrete columns by means of FRP wrapping
sheets is an attractive technique as evidenced by several
research program and practical application all over the world.
The aspect ratio of the cross section showed a significant
effect on the gained strength of FRP-confined concrete col-
umns. Also, the type and amount of FRP wrapped reinforce-
ment showed a reasonable influence on the gained strength.
On the basis of the experimental results concerning the load
carrying capacity of rectangular concrete columns confined
with FRP (Carbon Fiber Reinforced Polymer CFRP and
Basalt Fiber Reinforced Polymer BFRP) sheets, the applicabil-
ity of the selected analytical models (ACI [7] and EC [8]) pro-
posed to predict the compressive strength of rectangular
columns confined with FRP sheets is analyzed. It is worthwhile
to mention that, in case of square and rectangular sections,
both ACI and EC haven’t introduced any analytical models
to predict the strength of RC columns confined with partially
wrapped FRP sheets. Therefore, the author suggests a modifi-
cation for both the proposed models ‘‘Modified Egyptian code
MEC” and ‘‘Modified ACI code MACI”. Such a modification
deals with columns confined with partially wrapped FRP
sheets. The modified models showed an agreement with the
experimental results. Ultimately, the modified models provide
a reasonable approach for evaluating the nominal compressive
strength of FRP-confined concrete columns.
Layout of experiments and test procedure
The main experimental program includes 16 RC columns
externally confined with bonded FRP sheets. The tested col-
umns have a total height of H mm and rectangular cross sec-
tion (b  t mm) of different aspect ratios (t/b) varied from
1.0 (square cross section) to 2.56. The total height of samples
(H) was different and selected to satisfy that the ratio of the
total height to the width of cross section (H/b) is kept constant
and equal to 6.0. The columns were reinforced with six longi-
tudinal deformed bars (As = 6U12 mm, Steel 400/600). Inter-Table 1 Data of tested columns.
Column no. Concrete
strength
Columns dimensions Internal reinf
fc (MPa) H (mm) b  t (mm2) t/b As
R-1.0 21.5 1200 200  200
(40,000)
1.00 6U12 mm
(ls = 1.7 %)PWC-1.0 23.5
FWB-1.0 23.5
FWC-1.0 23.5
R-1.5 21.5 960 160  250
(40,000)
1.56
PWC-1.5 21.5
FWB-1.5 22.0
FWC-1.5 22.0
R-2.0 20.5 840 140  286
(40,000)
2.04
PWC-2.0 20.5
FWB-2.0 21.5
FWC-2.0 21.5
R-2.5 20.5 750 125  320
(40,000)
2.56
PWC-2.5 20.5
FWB-2.5 21.5
FWC-2.5 21.5
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different spacings (S) are provided along the height of col-
umns, see Table 1. The spacing between the stirrups was
selected to satisfy that the ratio of the volume of stirrups
(lst) is kept constant and equal to 0.40%.
Specimens R-1.0, R-1.5, R-2.0 and R-2.5 (R= control)
were tested in their original condition (without strengthening)
to serve as control samples. Specimens PWC-1.0, PWC-1.5,
PWC-2.0 and PWC-2.5 (PWC= partial wrapping with CFRP
sheet) were confined partially with five CFRP strips (two lay-
ers) of bf width and Sf spacing. These five strips are distributed
uniformly along the height of the columns. Specimens FWB-
1.0, FWB-1.5, FWB-2.0, FWB-2.5, FWC-1.0, FWC-1.5,
FWC-2.0 and FWC-2.5 (FWB= full wrapping with BFRP
sheet, FWC= full wrapping with CFRP sheet) were fully con-
fined with one layer of FRP sheet. The unidirectional CFRP
and BFRP sheets were bonded with a fiber orientation perpen-
dicular to the longitudinal axis of the columns. When execut-
ing the FRP wrapping system, an overlap length of 100 mm
in the circumferential direction was applied for the different
specimens (no overlap was provided in the longitudinal direc-
tion for fully wrapping).
The mean compressive strength for the standard cube (fc)
after 28 days for the different specimens is listed in Table 1.
The external reinforcement was CFRP and BFRP sheets of
0.166 and 0.157 mm equivalent dry fiber thickness (tf) respec-
tively. The rupture strength, ultimate strain, and E-modulus
of CFRP and BFRP sheets without polymeric matrix are (in
accordance with the manufacturer) 3900 N/mm2, 1.7%, and
230,000 N/mm2, and 2100 N/mm2, 2.1%, and 100,000 N/
mm2 respectively. The impregnation resin for the completion
of CFRP sheets is a special one having tensile strength and
flexural E-modulus (according to the manufacturer) of 30
and 3800 N/mm2, respectively.
Deformed bars (Steel 400/600) of 12 mm diameter were
used for main internal reinforcement and plain bars (Steel
240/350) of 6 mm diameter were used for internal stirrups.
Proof (yield) stress and tensile strength as well as Young’sorcement Data of FRP sheets
Partially wrapping PW Fully wrapping FW
S (lst) bf (mm) Sf (mm) n lf (%) n lf (%)
121 mm
(0.40%)
– – – – – –
82 160 2 0.340 – –
– – – – 1 0.314
– – – – 1 0.332
125 mm
(0.40%)
– – – – – –
65 130 2 0.340 – –
– – – – 1 0.322
– – – – 1 0.340
131 mm
(0.40%)
– – – – – –
55 114 2 0.340 – –
– – – – 1 0.334
– – – – 1 0.354
138 mm
(0.40%)
– – – – – –
46 100 2 0.340 – –
– – – – 1 0.349
– – – – 1 0.369
loaded FRP-conﬁned rectangular concrete columns as aﬀected by cross-section
Structural performance of axially loaded FRP-confined rectangular concrete columns 3modulus are 412, 673 and 215,000 N/mm2 for 12 mm diameter
bars and 275, 395 and 196,000 N/mm2 for 6 mm diameter bars.
The different columns were tested under the action of axial
loading, at a concrete age of 28–30 days, in a compression
machine with a capacity of 50,000 kN. Four electrical strain
gauges were attached to the surface of the bonded FRP sheets
to measure the hoop strain at the mid-height, see Fig. 1. Also,
to measure the vertical strains induced in the concrete at the
mid-height, two electrical strain gauges were attached to the
surface of the bonded FRP sheets in case of strengthened col-
umns and to the surface of concrete in case of control columns.
Moreover, a linear variable displacement transducer (LVDT)
was used to measure the total axial shortening occurred in
all tested samples. Both the strain gauges and the LVDT were
connected with data acquisition system (TDS-150) which in
turn was connected with a computer to record the different
measurements regularly every optional interval (1 s).Experimental results and discussion
A summary of the observed results for the tested columns (car-
ried out by the author) is presented in Table 2, which includes
the following: maximum load (Pmax); ratio of maximum load
of the confined column to their counterpart control column
(R); maximum mean normal stress (rc,mean = Pmax/Ag, where
Ag is the gross-sectional area); mean axial strain induced in
the concrete (ec,mean) corresponding to failure and mean hoop
strains induced in FRP sheet ef,mean (at mid-height) corre-
sponding to failure (the average of strain at long-direction (ef-
X) and that at short-direction (efY) measured by means of
electrical strain gauges).
Effect of aspect ratio on gained strength and failure mode
For maximum load, the aspect ratio of cross section (t/b) was
responsible for the decrease in the maximum carrying capacity
of the tested columns in comparison with the square sectionsS.G. = E
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Fig. 1 Details and arrangements of bonded CFRP sheets for tested
confinement.
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enhanced the maximum capacity with the decrease in aspect
ratio, see Table 2 and Fig. 2. In other words, the improvement
in the load carrying capacity increased as the aspect ratio
decreased. This can be clearly found in the results of columns
fully confined with one FRP layer: for CFRP-confined col-
umns, the improvements were 73, 44, 40 and 37% when aspect
ratios were 1.0, 1.56, 2.04 and 2.56 respectively. For BFRP-
confined columns, the improvements were 42, 23, 16 and 8%
when aspect ratios were 1.0, 1.56, 2.04 and 2.56 respectively.
Also, for partially CFRP confined columns, the gained
strength increased as aspect ratio decreased: the improvement
was 64, 27, 34 and 30% when aspect ratio was 1.0, 1.56, 2.04
and 2.56 respectively. The exceptional results in case of column
of aspect ratio equals 1.56 are attributed to two main reasons:
(1) the higher maximum load for the control column R-1.5
(Pmax = 812 kN, t/b= 1.56) in comparison with those of
higher aspect ratio R-2.0 (Pmax = 731 kN, h/b= 2.04) and
R-2.5 (Pmax = 727 kN, t/b= 2.56); and (2) to provide the
same lf (lf  3.4‰) for the different partially CFRP confined
columns, the free spacing between the FRP strips sf decreased
as the aspect ratio increased (the free spacing between the FRP
strips sf has a significant effect on the effective lateral confining
pressure, see Eqs. (12) and (13)). If what mentioned before was
taken into account the gained strength in case of column
PWC-1.5 (t/b= 1.56) will be higher than 42%. Hence, the
same trend for the different types of FRP composites and types
of wrapping systems was obtained. As a consequence, regard-
less of the type of FRP composites and type of wrapping sys-
tem, the higher aspect ratio (t/b) the lower gained strength.
The aspect ratio of cross section showed no significant
effect on the occurred failure mode. Three mechanisms of fail-
ure were observed throughout the experimental tests carried
out on FRP-confined and un-strengthened RC rectangular col-
umns. The first mechanism was due to crushing of concrete
formed at the middle third zone and occurred for the un-
strengthened columns regardless of the aspect ratio of cross
section. The second mechanism was due to crushing of con-lectrical strain gauge
(b) (c)
Two layers  
of CFRP 
Two layers  
of CFRP 
Two layers 
of CFRP 
Full CFRP 
Wrapping 
 (one layer)
 h
H-2h
h
S.G. 
columns: (a) control ones, (b) partial confinement and (c) fully
oaded FRP-conﬁned rectangular concrete columns as aﬀected by cross-section
Table 2 Experimental results of tested columns.
Column no. t/b Type of confinement lf (%) Experimental results
Max. load Max. stress & strains
Pmax (KN) Rmax (–) rc,mean (MPa) ec,mean (‰) ec,mean,c/ec,mean,o ef,mean (‰)
R-1.0 1.00 – 781 1.00 19.53 5.52 1.00 –
FWB-1.0 PW, BFRP, 0.340 1107 1.42 27.68 7.51 1.36 14.75
PWC-1.0 PW, CFRP, 0.340 1279 1.64 31.98 9.50 1.72 9.40
FWC-1.0 FW, CFRP, 0.332 1349 1.73 33.73 10.50 1.90 10.50
R-1.5 1.56 – 812 1.00 20.30 5.530 1.00 –
FWB-1.5 PW, BFRP, 0.340 1002 1.23 25.05 8.50 1.54 14.05
PWC-1.5 PW, CFRP, 0.340 1034 1.27 25.85 11.00 1.99 5.95
FWC-1.5 FW, CFRP, 0.340 1167 1.44 29.18 10.75 1.94 7.55
R-2.0 2.04 – 731 1.00 18.28 5.48 1.000 –
FWB-2.0 PW, BFRP, 0.340 851 1.16 21.28 11.02 2.01 11.40
PWC-2.0 PW, CFRP, 0.340 983 1.34 24.58 F F F
FWC-2.0 FW, CFRP, 0.354 1020 1.40 25.50 10.10 1.84 3.85
R-2.5 2.56 – 727 1.00 18.18 5.450 1.00 –
FWB-2.5 PW, BFRP, 0.340 785 1.08 19.63 13.02 2.39 5.00
PWC-2.5 PW, CFRP, 0.340 946 1.30 23.65 11.00 2.12 3.12
FWC-2.5 FW, CFRP, 0.369 995 1.37 24.88 11.51 2.11 4.44
ec,mean,c is the ultimate longitudinal concrete strain for the FRP-confined column, ec,mean,o is the ultimate longitudinal concrete strain for the
corresponding control column, F = the strain gauge was cut.
Fig. 2 Gain in strength for the different aspect ratios (t/b).
4 O.A. Farghalcrete which was seized at the unconfined zones between FRP
strips and occurred for the different partially FRP-confined
columns regardless of the aspect ratio of cross section. The
third mechanism was due to rupture of CFRP sheet which
occurred for the different fully FRP-confined columns.
Effect of both type of FRP sheets and system of wrapping on
gained strength
For fully FRP confined columns having more or less the same
ratio of the volume of wrapped FRP (lf), the CFRP-confined
columns showed higher improvement in comparison with the
corresponding BFRP-confined columns. This is attributed to
the higher elastic modulus for the CFRP sheet (Ef = 230 GPa)
in comparison with that of the BFRP sheet (Ef = 100 GPa). In
other words, for a specific lateral fiber strain and specific lf, the
effective lateral confining pressure due to wrapped CFRP sheet
is higher than that of BFRP sheet. As a consequence, the
improvement in the confined concrete strength for CFRP con-Please cite this article in press as: O.A. Farghal, Structural performance of axially
aspect ratio, HBRC Journal (2016), http://dx.doi.org/10.1016/j.hbrcj.2016.11.002fined columns is higher than that of BFRP confined columns,
see Eqs. (6) and (7).
Regardless of the value of aspect ratio, the fully wrapped
columns showed a higher gained strength in comparison with
the corresponding partially confined columns: for fully
wrapped columns the improvements were 73, 44, 40 and
37% and for partially wrapped ones the improvements were
64, 27, 34 and 30% when aspect ratios were 1.0, 1.56, 2.04
and 2.56 respectively. So, fully confined system should be
applied when it is possible.
The type of FRP reinforcement (CFRP, BFRP) showed no
significant effect on the occurred failure mode. The different
columns fully confined with FRP sheets (CFRP and BFRP)
failed due to rupture of CFRP sheet. On the contrary, the sys-
tem of wrapping (partially or fully wrapping) showed a signif-
icant influence on the occurred failure mode. The failure mode
changed from that due to crushing of concrete at the uncon-
fined zones between FRP strips to that due to rupture of
FRP sheet as the wrapping system changed from partially to
fully wrapping.
Structural ductility
Ductility is a desirable feature of any structural design as a
safety factor against sudden failure. In general, the structural
ductility of an element exposed to axial load may be given
by the ductility factor which is defined as the total vertical
shortening at failure to that corresponding to the first yielding
of internal main reinforcement. The total vertical shortening
occurred in the column at failure expresses the shortening cor-
responding to the apparent failure, e.g. rupture of FRP strips
or concrete crushing or when strength reduces to 85% of the
maximum load. Due to the fact that it is difficult to determine
first yielding of main reinforcement accurately, the author sug-loaded FRP-conﬁned rectangular concrete columns as aﬀected by cross-section
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expresses the ductility of columns.
When considering structural ductility in terms of the max-
imum longitudinal concrete strain (ec,mean), the structural duc-
tility of the tested columns improved when confined with FRP
sheets, particularly for fully confinement. It is worthwhile to
note that, in case of CFRP-confined columns (FWC, PWC),
the aspect ratio showed no significant effect on the improve-
ment in ductility: the improvement in ductility = [(ec,mean,c -
 ec,mean,o)/ec,mean,o) where ec,mean,c is the ultimate longitudinal
concrete strain for the FRP-confined column, ec,mean,o is the
ultimate longitudinal concrete strain for the corresponding
control column. The slight increase in the ductility improve-
ment at lower aspect ratios (t/b< 2) is attributed to the higher
confinement effectiveness and consequently higher longitudi-
nal strain level. Moreover, at lower aspect ratios (t/b< 2),
FWC showed higher ductility in comparison with FWB. This
is attributed to the higher contribution of CFRP sheets to
the gained strength in comparison with BFRP- confined col-
umns. This is due to the fact that the failure occurred at a
higher longitudinal stress level in case of CFRP- confined col-
umns and consequently higher longitudinal strain level. How-
ever, for BFRP-confined columns (FWB), the improvement in
ductility increased as the aspect ratio increased; see Table 2
and Fig. 3.
Analytical modeling
Confining of concrete elements with FRP jackets can be used
to enhance the axial compressive strength of these members.
FRP fibers are oriented transversely to the longitudinal axis
of the element to be strengthened. Confining results in an
increase in the apparent strength of concrete, confined concrete
strength fcc, and consequently in the axial compressive strength
of the concrete members. Generally, for structural design con-
sideration, it is important to have an analytical model to pre-
dict the strength of FRP-confined elements, so that, and
similar to un-strengthened RC members, the axial compressive
strength of non-slender RC columns confined with wrapped
FRP sheets Pmax may be calculated using confined concrete
strength fcc according to Eq. (1).
Pmax ¼ kcf 0ccAc þ fsAs ð1Þ
where Ac is the net area of concrete, f
0
cc is the confined cylinder
concrete strength, As is area of longitudinal reinforcement, kcFig. 3 Improvement in ductility for the different aspect ratios
(t/b).
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concrete strength in the column and that in the a standard
cylinder, and fs is the stress induced in the longitudinal rein-
forcement corresponding to the maximum load Pmax.
Nominal axial compressive strength ‘pn’ of FRP- confined
columns
After specifying a reduction factor in the nominal compressive
strength to consider a minimum eccentricity, ACI code and EC
introduced analytical models to predict the maximum nominal
compressive strength ‘Pn’ of short RC tied columns confined
with wrapped FRP sheet, see Eqs. (2) and (3).
Pn ¼ 0:80 0:85 f 0ccðAg  AscÞ þ fy Asc
  fACI codeg ð2Þ
Pn ¼ 0:90 0:80 0:85 fccðAg  AscÞ þ fy Asc
  fECg ð3Þ
where Ag is area of concrete cross section, Asc and fy are the
total area and yield stress of the longitudinal reinforcement
respectively, and fcc is the confined concrete strength.
On the basis of the model deduced by Spoelstra and Monti
[9] to predict the confined concrete strength fcc, both ACI code
[7] and EC [8] suggested expressions to predict the confined
concrete strength fcc as a function of the maximum effective
confining pressure fl (see Eqs. (4) and (5)).
f 0cc ﬃ f 0c 2:25
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1:0þ 7:9 fl
f 0c
s
 2:0 fl
f 0c
 1:25
" #
fACI codeg ð4Þ
fcc ﬃ fc 2:25
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1:0þ 9:875 fl
fc
s
 2:5 fl
fc
 1:25
" #
fECg ð5Þ
where fc & f
0
c are the concrete compressive strengths for cube
and cylinder respectively, fco (= f
0
c) is the unconfined cylinder
concrete strength, and fl is the lateral confining pressure
exerted on the concrete core due to wrapped fiber sheets and
obtained according to Eq. (6).
fl ¼
ke1ke2lfEfefe
2
ð6Þ
The confining pressure fl can be computed from Eq. (6) as a
function of the maximum effective strain ef,e that can be
achieved in the FRP jacket. The confining pressure depends
mainly on both the shape of cross section and the type of con-
finement. As a consequence, the efficiency factors ke1 and ke2
introduced in Eq. (6) deal with the effective confined area
due to the shape of cross section and the type of confinement,
fully wrapping or partially wrapping, respectively.
Fully Wrapping System - In case of square and rectangular
cross sections, the efficiency factor ke2 can be taken as equal to
1.0; however, the efficiency factor ke1 depends mainly upon the
aspect ratio of the cross section. In other words the efficiency
factor ke1 is affected considerably by the ratio of the effective
confined area to the cross-sectional area (Ae1/Ac). For square
and rectangular cross sections wrapped with FRP (Fig. 4)
and with corners rounded with a radius rc, the parabolic arch-
ing action is assumed for the concrete core where the confining
pressure is fully developed [10]. Unlike circular sections, for
which the concrete core is fully confined, a large part of the
cross section remains unconfined: four parabolas within which
the concrete is unconfined, and outside of which confinement
occurs. The shape of the parabolas and the resulting effectiveoaded FRP-conﬁned rectangular concrete columns as aﬀected by cross-section
6 O.A. Farghalconfinement area are a function of the dimensions of the col-
umn’s cross section (t and b), the radius of the corners rc,
and the longitudinal steel reinforcement ratio ls. The efficiency
factor ke1 is determined based on geometry, aspect ratio, and
the longitudinal steel reinforcement ratio ls, see Eq. (9). As a
consequence, for short column confined with a fully wrapped
FRP sheets, the mean lateral confining pressure fl [= (flx + -
fly)/2] exerted on the concrete core due to externally wrapped
sheets is assumed a uniform one and calculated according to
Eq. (7) by assuming uniform tension in the FRP sheets.
fl ¼
ke1lfEfefe
2
ð7Þ
lf ¼
2nftfðtþ bÞ
bt
ð8Þ
ke1 ¼ Ae1
Ac
¼ 1 ðb 2rcÞ
2 þ ðt 2rcÞ2
3btð1 lsÞ
ð9Þ
where Ef is the modulus of elasticity of the bonded FRP sheet,
lf is the ratio of the volume of wrapped FRP Af to the volume
of confined concrete core Ac, nf is the number of FRP plies, tf is
the effective thickness of the FRP sheet, and ef,e is the effective
strain of the FRP sheet at failure which, according to
ACI440.2R-08 and EC, should be limited to the smaller of
either the maximum concrete strain (=0.004) or 0.75 times
the ultimate strain of the FRP sheet ef,u, see Eq. (10).
efe ¼ 0:75 efu 6 0:004 ð10ÞModified expression for partially wrapping system
In case of square and rectangular sections, both ACI and EC
haven’t introduced any analytical models to predict the
strength of RC columns confined with partially wrapped
FRP sheets. Also, the application of partially wrapping tech-
nique for columns having rectangular cross section is not rec-
ommended by ACI and EC.
If the concrete is partly wrapped, and in a similar way as
circular columns [10], less efficiency is obtained as both con-
fined and unconfined zones existed, see Fig. 4. In this case,
the author suggests modifying both ACI440.2R-08 and EC
to deal with partly wrapped columns. As a consequence, the
effective lateral confining pressure is obtained according to
Eq. (11) by introducing confinement effectiveness coefficientsbf
t/ = t – 2rc
t
b/  b
rc
Cross- Section 
t/ = t–
t
Partially
Fig. 4 Confining pressure exerted by wrappin
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ous section, see Eq. (9). The effectiveness coefficient ke2 is
obtained by considering that the transverse pressure from the
confining system is only effective on that part of the concrete
where the confining pressure has fully developed due to arch-
ing action, which is assumed as a parabola with an initial slope
of 45 [10], see Fig. 4. As a result, at the midway between two
successive wrapped FRP strips, the area of effectively confined
concrete core Ae is considered. Consequently, the confinement
effectiveness coefficient ke2 (Eq. (13)) is obtained by consider-
ing the ratio (Ae2/Ac), where Ac is the difference between the
gross cross-sectional area Ag and the area of longitudinal steel
As: (Ac = Ag  Asc).
fl ¼ ke1 ke2
lfEfefe
2
ffor partially wrappingg ð11Þ
lf ¼
2nfðbþ tÞbftf
bt Sf
ð12Þ
ke2 ¼ Ae2
Ac
¼
1 sf
2ðt2rcÞ
 
1 sf
2ðb2rcÞ
 
1 ls
< 1:0 ð13Þ
where bf is the width of the FRP strips, Sf is spacing between
center to center of the FRP strips (Sf = bf in case of fully
wrapping), sf (=Sf  bf) is the clear spacing between two suc-
cessive wrapped FRP strips, and ls is the reinforcement ratio
of the longitudinal steel reinforcement with respect to the gross
cross-sectional area (=As/Ag).
Evaluation of proposed models
The maximum nominal compressive strength (Pn) of RC col-
umns under concentric loading (confined and control columns)
was calculated on the basis of the confined concrete strength
predicted by the selected models (ACI and EC) and is listed
in Table 3. The calculated values of Pn are compared with
the corresponding values obtained experimentally (Pmax). In
light of this, it would be decided that the average value for
the ratio Rn in case of partial FRP-confined columns
(=0.745 for ACI code, =0.815 for EC) was approximately
equal to that of fully FRP-confined columns (=0.744 for
ACI code, =0.815 for EC). This confirms the applicabilitySfsf
Fully Wrapping 
t 
 sf /2 
 
 Wrapping 
g FRP sheet on a rectangular column [10].
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Table 3 Analytical verification of nominal compressive strength for the tested columns.
Column no. Exp. results Predicted results
t/b Pmax (KN) ACI MACI EC MEC
Pn (KN) Rn (%) Pn (KN) Rn (%) Pn (KN) Rn (%) Pn (KN) Rn (%)
R-1.0 1.00 781 691 0.884 691 0.884 753 0.964 753 0.964
FWB-1.0 1107 799 0.722 799 0.722 878 0.793 878 0.793
PWC-1.0 1279 – – 824 0.644 – – 906 0.708
FWC-1.0 1349 886 0.657 886 0.657 975 0.723 975 0.723
R-1.5 1.56 812 691 0.851 691 0.851 753 0.927 753 0.927
FWB-1.5 1002 754 0.752 754 0.752 824 0.822 824 0.822
PWC-1.5 1034 – – 794 0.768 – – 866 0.838
FWC-1.5 1167 849 0.727 849 0.727 927 0.794 927 0.794
R-2.0 2.04 731 664 0.908 664 0.908 729 0.997 729 0.997
FWB-2.0 851 718 0.844 718 0.844 790 0.928 790 0.928
PWC-2.0 983 – – 766 0.779 – – 837 0.852
FWC-2.0 1020 816 0.800 816 0.800 893 0.876 893 0.876
R-2.5 2.56 727 664 0.913 664 0.913 729 1.003 729 1.003
FWB-2.5 785 706 0.899 706 0.899 776 0.988 776 0.988
PWC-2.5 946 – – 745 0.787 – – 814 0.860
FWC-2.5 995 788 0.792 788 0.792 862 0.866 862 0.866
Average (%) – confined columns 76.4 77.4 83.7 85.6
Correlation factor – confined columns. 0.929 0.955 0.935 0.936
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partial FRP-confined system.
In general, the applied models (ACI and EC) proposed to
predict the load carrying capacity of columns confined with
wrapped FRP sheets showed an acceptable estimation, partic-
ularly in case of Egyptian models ECs which showed a better
estimation approaching to the experimental results. In case
of the proposed models (ACI and EC) dealing with the fully
wrapped FRP sheets only, the average value for the ratio Rn
was 0.764 with correlation factor of 0.929 for ACI code; how-
ever for EC, Rn was 0.837 with correlation factor of 0.935.
Moreover, in case of the modified models (MACI and MEC)
dealing with both fully and partially wrapped FRP sheets,
the average value for the ratio Rn was 0.774 with correlation
factor of 0.955 for ACI code; however for EC, Rn was 0.856
with correlation factor of 0.936.
It is worthwhile to mention that, in light of the adopted
modifications to both examined models, the predicted results
concerning the load carrying capacity of columns confined
with fully or partially wrapped FRP sheets showed a suitable
approach to the results obtained experimentally, particularly
for MEC.
Conclusions
Based on the conducted experimental study and the available
database on FRP-confined rectangular columns as well as
the performed analytical verifications, the following conclu-
sions may be drawn:
 Regardless of the aspect ratio of cross section, confinement
using FRP sheets is an efficient technique to improve the
strength and ductility of rectangular concrete columns sub-
jected to axial loading, particularly in case of smaller cross-Please cite this article in press as: O.A. Farghal, Structural performance of axially l
aspect ratio, HBRC Journal (2016), http://dx.doi.org/10.1016/j.hbrcj.2016.11.002sectional aspect ratio and fully confinement configuration
as well as for higher elastic modulus of wrapped FRP
reinforcement.
 The applied FRP confining technique enhanced the ductil-
ity of rectangular concrete columns. The aspect ratio
showed no obvious influence on the obtained ductility.
 In case of columns confined with fully wrapped FRP sheets,
The conceptual models proposed in this study – ACI and
ECs – to predict the load carrying capacity showed an
acceptable estimation, particularly in case of Egyptian mod-
els ECs.
 The conceptual models proposed in this study – ACI and
ECs – haven’t introduced any analytical models to predict
the strength of RC columns confined with partially
wrapped FRP sheets. Therefore, modification for both
ACI and Egyptian models suggested by the author may
be taken into consideration. The modified models showed
a good estimation in comparison with those dealing with
the fully wrapped FRP sheets only.
 In light of the adopted modifications to both examined
models, the predicted results concerning the load carrying
capacity showed a suitable approach to the results obtained
experimentally, particularly for modified Egyptian code
MEC.
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